Recombination-mediated repair plays a central role in maintaining genomic integrity during DNA replication. The human Mus81-Eme1 endonuclease is involved in recombination repair, but the exact structures it acts on in vivo are not known. Using kinetic and enzymatic analysis of highly purified recombinant enzyme, we find that Mus81-Eme1 catalyzes coordinate bilateral cleavage of model Holliday-junction structures. Using a self-limiting, cruciformcontaining substrate, we demonstrate that bilateral cleavage occurs sequentially within the lifetime of the enzyme-substrate complex. Coordinate bilateral cleavage is promoted by the highly cooperative nature of the enzyme and results in symmetrical cleavage of a cruciform structure, thus, Mus81-Eme1 can ensure coordinate, bilateral cleavage of Holliday junction-like structures.
Endonuclease Properties of a Minimal Mus81-Eme1
Complex. The activity of the recombinant enzyme was initially tested on three model substrates, X12, nX12, and 3Ј flap, and each junction was radiolabeled on the 5Ј end of one oligonucleotide (Fig. 1b) . The oligo nucleotide sequences are identical to those used previously (4, 16, 23) . The X12 substrate has four 25-bp duplex DNA arms, with a 12-bp homologous core that allows branch migration of the junction. The nX12 substrate is identical to X12, except that it contains a nick at the cross-over point. The 3Ј flap substrate contains 50 bp of duplex DNA, a central nick, and 25 bases of single-stranded DNA. EcME is able to convert all three substrates to linear duplex product (Fig. 1b) . The kinetic parameters of the EcME complex on these substrates were calculated by using nonlinear regression analysis of the reaction velocities obtained from experiments in which substrate concentration was varied (SI Table 1 and SI Fig. 6 ). EcME has the highest k cat , 0.18 s Ϫ1 , when acting on an nX12 substrate. The enzyme functioned catalytically in this reaction and converted 95 moles of substrate per mole of enzyme in 10 min (SI Table 2 ). Consistent with previous observations using full-length Mus81-Eme1 (4, 24) , EcME processed an intact X12 junction less efficiently, with a k cat of 0.0047 s Ϫ1 . Nevertheless, at the highest concentration tested, EcME converted Ͼ95% of the intact X12 substrate into linear duplex product (Fig.  1b) . The reduced catalytic efficiency of EcME on an intact X12 was driven both by a higher K m and a lower catalytic rate. The observation that Mus81-Eme1 favors cleavage of nX12 over an X12 suggests that the initial cut on an X12 substrate is rate-limiting, and that it is followed by an Ϸ35-fold faster second cut. A nickcounternick mechanism, in which a rate-limiting initial cut is followed by a kinetically favored second-strand cleavage reaction, has been used to explain the mechanism of action of a number of junction-resolving enzymes (4, (25) (26) (27) (28) . The kinetic parameters of EcME on a 3Ј flap suggests that the complex binds this substrate relatively poorly, but, once bound, the enzyme has a relatively robust rate of catalysis, with a k cat of 0.12 s Ϫ1 .
To determine whether the endonuclease activity detected in these assays can exclusively be attributed to Mus81-Eme1, versions of EcME enzyme lacking potential catalytic residues were made. We have previously used Mus81 D338/339A , a version of Mus81 that has severely compromised, but not completely abolished, endonuclease activity (16, 20) . Based on recent structural analysis of related nucleases, PfHEF and ApeXPF (29, 30) , we predicted that aspartic acid D307 might be critical for catalysis and that changing this residue to alanine would more effectively compromise catalysis. Both mutant versions of EcME were expressed in E. coli and purified as above.
An X12 substrate labeled on the 5Ј end of oligonucleotide 1 was incubated with wild-type or mutant versions of EcME, and the products were examined after denaturing PAGE (SI Fig. 7 ). Denaturing gels were used for this analysis because nicking of a single strand is not detected on native gels. A trace of endonuclease activity was detected in EcME D338/339A . Significantly, no cleavage was detected when an equivalent amount of EcME D307A was incubated with substrate. The low-to-undetectable nuclease function of these preparations indicates that the endonuclease activity detected in wild-type preparation of EcME is due to the intrinsic properties of the enzyme complex and that the recombinant enzyme preparations are free of contaminating nuclease activities. The residual endonuclease activity seen in EcME D338/339A preparations is explained by structural predications suggesting that these amino acids do not directly coordinate the catalytic cation and thus play a supporting rather than essential role in catalysis (29) . The analogous mutation, D599A, in PfHef results in a similar diminished, but not absent, nuclease activity (29) .
Substrate Specificity of Endogenous Mus81-Eme1 Endonuclease Activity. To test whether the truncations of Mus81 and Eme1 affect substrate preference, we compared the activity of EcME to fulllength Mus81-Eme1 purified from baculovirus infected insect cells by anti-FLAG immunoprecipitation (Sf Mus81-Eme1). EcME has the same relative substrate preference as the recombinant fulllength version of the protein, nX12 Ͼ 3Ј flap Ͼ Ͼ X12 (Fig. 1c) , confirming that the truncations do not profoundly alter the substrate preference of the recombinant EcME enzyme. The activity profile of endogenous Mus81-Eme1 from a human cell line (HeLa) was also compared with that of recombinant full-length Mus81-Eme1 from insect cells (Fig. 1c) . As with both recombinant versions of the complex, endogenous Mus81-Eme1 converted all three substrates into linear duplex (Fig. 1d) . Notably, endogenous Mus81-Eme1 complex has a higher X12/nX12 activity ratio when compared with the recombinant protein. By comparing the amount of product generated at subsaturating levels of Mus81-Eme1 (i.e., 10% of immune precipitate), we find that the endogenous enzyme is only 3-fold less efficient on X12 than nX12 (Fig. 1d) , whereas the recombinant insect cell-expressed enzyme is 10-fold less efficient (Fig. 1c ). The endogenous enzyme had the same relative rate of activity when immune-precipitated with either monoclonal mouse or polyclonal rabbit anti-Mus81 antibodies (data not shown). Gaskell et al. (31) recently concluded that full-length, recombinant, fission yeast Mus81-Eme1 has the same intact X versus nicked X activity ratio as the endogenous protein. However, this comparison was based on assays done in two different laboratories (4, 31) . In this study, we compared the activity of recombinant full-length human Mus81-Eme1 to the endogenous complex under identical assay conditions. In these circumstances, increased relative activity on the intact X12 structure is clearly detected. The difference in substrate specificity between the endogenous human and the recombinant enzyme could be due to the presence of associated factors or posttranslational modifications that do not occur in insect cells.
Bilateral Cleavage of a Cruciform-Containing Plasmid. The cruciform structures formed by extrusion of an inverted repeat sequence in supercoiled plasmids have been extensively used to study the enzymatic properties of Holliday junction-resolving enzymes (25) (26) (27) 32) . Cruciforms are formed by intrastrand base pairing of inverted repeat sequences and thus form two hairpin loops extruded from closed circular plasmid DNA. The region at the base of the stem loops forms a four-way junction (Fig. 2a) . A unique feature of this model substrate is that the cruciform structure is stabilized by the free energy of negative supercoiling in the plasmid. A break in either strand of the DNA leads to relaxation, destabilization, and, thus, reabsorption of both hairpins into duplex DNA (33) . An enzyme that cuts a single strand of DNA will thus generate nicked circular DNA. By contrast, an enzyme that simultaneously cleaves both strands of the plasmid generates linear DNA. Likewise, enzymes that make two cleavages sequentially, within the lifetime of the protein DNA complex, generate linear product even though cleavage of the two strands is not simultaneous (25) (26) (27) .
We examined the ability of EcME to process cruciformcontaining plasmid DNA. Supercoiled plasmid pAT25 (25) , which contains two 25-bp hairpin structures, was incubated with EcME and samples were taken at different time points. The reaction products were analyzed on a native agarose gel. As shown in Fig. 2b , the substrate was converted to linear product, indicating that EcME can make two incisions on this substrate. At early time points, when Ͻ30% of substrate had been processed, similar amounts of nicked and linear product were generated. As the reaction proceeded further, the amount of nicked product declined. By the end of the 30-min reaction, when 97% of substrate had been processed, the major product (70%) was linear DNA. The generation of significant quantities of nicked circular DNA early in the reaction suggests that the two incisions made by EcME are sequential. This idea is also supported by the continued appearance of linear product at later time points, when the substrate has been almost exhausted. The relatively slow conversion of nicked to linear product coupled with the observation that 70% of substrate is converted to linear product suggests that EcME restrains the nicked intermediate in a conformation that can be further processed into linear DNA. Data confirming that EcME cuts at the position of the cruciform is presented in SI Figs. 8 and 9.
Cooperative Bilateral Cleavage. The dose dependence of cruciform processing was investigated (Fig. 3a) . Increasing concentrations of EcME were incubated with pAT25. Strikingly, the rate of cleavage catalyzed by EcME was not directly proportional to the concentration of protein. In multiple experiments, a marked threshold concentration of enzyme was required to initiate cruciform cleavage. The sigmoidal relationship between activity and EcME concentration indicates that the EcME-catalyzed reaction is higher than first order. The shape of the curve is most easily explained by cooperative association of two molecules of EcME with DNA. Similar results were obtained when the substrate concentration was 100-fold higher (SI Fig. 8c ), indicating that the sigmoidal relationship is not due to low substrate concentration.
If the catalytic activity of EcME depends on the simultaneous presence of two molecules of EcME, then low concentrations of wild-type complex may be stimulated by addition of catalytically inactive EcME. To test this, an amount of wild-type enzyme below the threshold required to initiate cleavage was supplemented with increasing concentrations of endonuclease dead, and the ability of the mix to cleave cruciform DNA was monitored (Fig. 3b) . As before, at low concentrations of wild-type enzyme, no processing of the substrate was detected (Fig. 3b, lane 2) , significantly, addition of endonuclease-dead EcME D307A stimulated cleavage (Fig. 3b  lanes 4-7) . Maximal activity was detected when the concentration of endonuclease-dead enzyme was 2-fold greater than the wild-type enzyme (Fig. 3b, lanes 5 and 6) . In these reactions, Ϸ30% of the substrate was converted to nicked circular DNA. Nicked circular DNA can only result from unilateral cleavage of the substrate, thus, the increase in nicked circular product suggests that dimers in which one molecule of Mus81 is active and the other is inactive are formed. The addition of higher concentrations of catalytically inactive EcME also increased the amount of linear DNA that was generated, suggesting that the number or function of active dimers also increases.
The ability of active EcME to function when complexed with inactive EcME was further tested by examining the effects of titrating endonuclease-dead EcME D307A against a fixed concentration of wild-type EcME that is sufficient to cleave Ϸ90% of substrate. At a 1:1 ratio of wild-type:inactive EcME (Fig. 3c, lane  3) , the same amount of substrate was processed, indicating that the presence of the endonuclease-dead enzyme does not significantly inhibit unilateral cleavage catalyzed by the wild-type enzyme. The Activation of EcME by EcME D307A . pAT25 substrate [20 pM ] was incubated with a fixed amount of wild-type EcME [3 nM] and increasing amounts of EcME D307A . Percentage of product and substrate present at each time point is plotted. Data are from one experiment and are representative of three experiments. The points represent supercoiled DNA (black diamonds), linear DNA (blue squares), and nicked DNA (red triangles). (c) Unilateral cleavage by mixed active/inactive EcME. pAT25 substrate [20 pM ] was incubated with a fixed amount of wild-type EcME [6 nM] and increasing amounts of EcME D307A . The percentage of product and substrate present at each time point is plotted. Data are from one experiment and are representative of three experiments. (d) Gel filtration analysis of EcME. The indicated concentrations of EcME were fractionated on a Superdex S200 gel-filtration column. Aliquots of each fraction were separated by SDS/PAGE gel, and apparent molecular mass was calculated relative to standards. decrease in linear product was balanced by an increase in nicked product. As the amount of EcME D307A was increased further, the amount of cleaved substrate decreased. At the highest concentrations of EcME D307A , a Ͼ90% decrease in linear product and a 30% reduction of nicked product was observed. This result supports earlier evidence suggesting that dimers of active and inactive EcME form under these conditions. The unilateral cleavage seen in these experiments can best be explained if each scission step is catalyzed independently. Taken together, these results suggest that the catalytic function of each unit is independent but cooperative. A coordinate but independent mechanism has been proposed for canonical Holliday junction-resolving enzymes and for restriction endonucleases (25-27, 34, 35) .
Ternary Structure of Recombinant Mus81-Eme1. The presence of two active sites in a single functional complex is thought to be essential for coordinated bilateral cleavage of duplex DNA in the case of restriction endonucleases (36) and Holliday junctions in the case of resolving enzymes (37) (38) (39) . Several previously characterized resolvases have been shown to exist as highly stable dimeric complexes, whereas others undergo rapid subunit exchange in solution (27, 28) . We wished to determine whether EcME can exist as a heterotetramer (containing two molecules of Mus81 and two molecules of Eme1) in solution (Fig. 3d) . By using gel filtration, the molecular mass of a 3 M solution EcME was determined to be 82 kDa [elution volume (V e ) ϭ 15.7 ml]. This apparent molecular mass is consistent with the truncated enzyme forming a functional dimer (i.e., one molecule of EcMus81 and one molecule of EcEme1). Curiously, when more concentrated preparations (88 M) were analyzed, EcME was found to elute at a position corresponding to a molecular mass of 140 kDa (V e ϭ 14.5 ml), suggesting that the preparation forms a tetrameric complex.
The observation that EcME can exist in solution as either a heterodimer or a heterotetramer is consistent with the cooperative nature of the enzyme acting on the pAT25 substrate. The concentration of EcME used in the enzyme assays (Fig. 3 a and  b) is far below the value needed to form a heterotetramer in solution, however the presence of cruciform-containing DNA could significantly affect this value by acting as a nucleation site for the enzyme.
Symmetrical Cruciform Cleavage by Mus81-Eme1. Canonical Holliday-junction resolvases cleave junctions such that the linear duplex products contain ligatable nicks that can be sealed directly by ligation (28) . Previous studies examining Mus81-Eme1 cleavage of X-shaped oligonucleotide structures found that the enzyme predominantly makes nonsymmetric cuts that result in nonligatable products (3, 16, 18) . To determine the structure of the products generated by EcME acting on the cruciform, the reaction products were examined both on native and denaturing gels. Symmetrical bilateral cleavage at the branch point of an extruded cruciform generates linear DNA containing terminal hairpins that can be ligated (Fig. 4a) (39) . On a native gel, this structure cannot be distinguished from linear duplex DNA. However, on a denaturing gel, this structure runs as dimer-length single-stranded DNA (Fig. 4b) . As expected, EcME generated product runs at the position of linear DNA both on native and denaturing gels. Treatment with T4 ligase did not effect the migration on a native gel (Fig. 4b Upper) . Significantly, denaturing gel analysis of T4 ligase-treated products revealed the major species (67%) to be dimer-length single-stranded circular DNA. The identity of the dimer-length ssDNA circle was validated in SI Fig. 10 .
The generation of a high proportion of ligatable product suggested that cleavage of pAT25 is predominantly symmetric. The exact sites of cruciform cleavage were mapped by comparing the products of primer-extension reactions to sequencing ladders. As shown in Fig. 4c , the major cleavage sites for EcME mapped to the branch point on the 5Ј side of the hairpin. Several minor cleavage sites were also detected within the hairpin arms (Fig. 4c) . These results confirm that EcME makes symmetrically related cuts at the site of the junction.
Discussion
The hypothesis that Mus81-Eme1 resolves Holliday junctions in vivo has been challenged on the basis that it preferentially cleaves 3Ј flaps and nicked X structures in vitro (8, 17, 22, 40, 41) . Our analysis of truncated recombinant human Mus81-Eme1, full-length recombinant human Mus81-Eme1, and endogenous human Mus81-Eme1 is in agreement with previous studies showing that an intact X structure is not the preferred in vitro substrate (18, 40) . However, evidence presented here, that Mus81-Eme1 has the specific, intrinsic enzymatic properties needed to catalyze coordinated cleavage of symmetric substrates, containing two independent target bonds, supports the idea that Mus81-Eme1 acts on intact Holliday junctions in vivo.
The use of a cruciform-extruding plasmid as a model Hollidayjunction structure has allowed the elucidation of several enzymatic properties of Mus81-Eme1. Because the cruciform structure is unstable in a nicked plasmid (SI Fig. 5 ), we were able to conclude that two Mus81-Eme1 complexes act sequentially within the lifetime of the enzyme-substrate complex. The sigmoidal relationship between enzyme concentration and activity, coupled with stimulation of wild-type enzyme by the addition of catalytically inactive EcME, demonstrates that the presence of two catalytic units is either required for or greatly stimulates cleavage of the first strand of DNA. These data suggest that allosteric interaction between one Mus81-Eme1 complex and another promotes catalysis. It is also possible that binding of a heterotetrameric enzyme complex to DNA manipulates the junction into a more favorable conformer. These properties are consistent with those expected of an endonuclease that acts on symmetric substrates containing two equivalent cleavage sites. The data also suggest that dimerization is an inherent property of the Mus81-Eme1 complex. Dimerization of endogenous human enzyme has previously been described (20) and was recently confirmed for recombinant yeast proteins (31) . We found that high concentrations of EcME are needed to form a heterotetramer in solution. However, in vivo complex formation may be promoted by interaction with DNA, by amino terminal sequences that are not essential for catalysis, and perhaps by other protein factors.
A nick-counternick mechanism has previously been suggested as the mechanism by which resolvases could use independently functioning catalytic units to coordinate bilateral cleavage of Holliday junctions (4, (25) (26) (27) 37) . Another mechanism used by endonucleases to ensure cleavage of duplex DNA is cooperativity. In the case of type IIS restriction endonucleases, cooperativity and biological function are driven by induced dimerization of the enzyme subunits (35, 36) . The highly cooperative kinetic mechanism proposed for Mus81-Eme1 avoids first-strand cleavage unless second-strand cleavage is ensured.
Previous studies found that Mus81-Eme1 cuts oligonucleotide X-shaped structures by cleaving strands of opposite polarity (3, 16, 18) . However, the majority of these products were cut nonsymmetrically and contained short flaps or gaps and could not be directly ligated in vitro (3, 16, 18) . In contrast, by using a cruciform-containing plasmid as a substrate, we find that cleavage by Mus81-Eme1 is largely symmetric and a significant fraction of the products can be ligated directly. Both oligonucleotide X structures and cruciforms mimic Holliday junctions, however, structural differences may account for differences in the way they are cleaved. For example, the arms of oligonucleotide-based substrates stack in an antiparallel conformation (42, 43) , whereas the arms of plasmid-extruded cruciforms predominantly stack in a parallel orientation (44) . Equally, it is possible that the cooperativity seen when Mus81-Eme1 acts on the cruciform structure promotes symmetric cleavage. Further studies are required to test the contribution of each of these properties to the symmetrical cleavage of the cruciform junction.
The efficient cleavage of nicked X structures by Mus81-Eme1 has been interpreted as a mechanism, which, if Mus81-Eme1 acts on D-loops before they mature into fully formed X-structures, would favor crossovers in meiosis (4, 19) . This is an exciting possibility because it provides a de facto mechanism by which Holliday-junction resolution can ensure crossover. Indeed, meiotic crossovers are greatly reduced in fission yeast mutants of Mus81-Eme1 (3, 5, 19) . However, the role of recombination repair in mitotic cells, maintenance of genomic integrity, and facilitating replication restart is somewhat different from its role in meiosis. In mitosis, crossovers occurring between sister chromatids are genetically silent and are therefore assayed by monitoring sisterchromatid exchange. Disruption of Eme1 in mouse embryonic stem cells leads to a slight increase, not a decrease, in sister-chromatid exchange (8) . Thus, if Mus81-Eme1 acts on D-loops/nicked Holliday junctions during mitosis in mammalian cells, it is not apparent in assays of sister-chromatid exchange.
Given evidence that Mus81-Eme1 can exist in different multimeric states (Fig. 3d) (20, 31) and the possibility that cofactors may modulate function, it would be interesting to see whether the enzyme functions in different modes in different biological circumstances. The Mus81/XPF/Hef-related endonuclease from Drosophila, Mei9, functions in nucleotide excision repair and interstrand crosslink repair in somatic cells (45, 46) . Within meiosis, Mei9 is required to generate crossovers (47) . Intriguingly, the crossover function, interstrand crosslink repair function, but not the nucleotide-excision repair function of Mei9 depend on an associated protein, Mus312 (48) . Mus312 homologues have not been described in higher eukaryotes, and, indeed, the region that Mus312 binds in Mei9 is not conserved in Mus81 (49) . Nevertheless, based on the enhanced X12 activity seen for endogenous Mus81-Eme1, it is tempting to speculate that either changes in the dimerization state, or association with other proteins factors, might direct Mus81-Eme1 activity to different structures.
Methods
Endonuclease Assays on Radiolabeled Substrate. The radiolabeled junctions were produced and used as previously detailed (4, 16) . Reaction products were analyzed by native or denaturing PAGE as outlined in ref. 16 .
Endonuclease Assays on pAT25. Reactions containing pAT25 were initiated by addition of MgCl 2 to 2.5 mM, incubated at 37°C for 20 min, and terminated by using stop buffer (10 mM EDTA, 1 mg/ml proteinase K, 0.4% SDS). Products were separated by electrophoresis through 1% agarose at 45 V for 16 h. DNA was transferred by Southern blotting. pAT25 DNA was detected by using a 32 P random-labeled probe. Signals were quantified by using a Storm 860 PhosphorImager (Molecular Dynamics).
Ligation Assay on pAT25. 0.2 nM pM pAT25 was incubated in endonuclease buffer [50 mM Tris (pH 8.0), 20 mM NaCl, 2.5 mM MgCl 2, 1 mM DTT and 100 g/ml BSA] with either 10 nM EcME or 10 units of BamHI (NEB) for 2 min at 37°C. The reactions were terminated by heating at 70°C for 20 min. T4 DNA ligase (5U) and 1X T4 ligase buffer (Invitrogen) were added, and the reaction was incubated at room temperature for 30 min. Reaction products were separated by either native or denaturing agarose gel electrophoresis (39) and detected by Southern blotting. SI Methods contains detailed descriptions of enzyme purification, pAT25 purification, and the mapping of pAT25 cut sites.
